In this paper, measurements of gamma well filling and noise generation in 100 x 100 pixel CCD imagers with bulk and reduced photosite collection volumes will be reported. The measurements were made at dose rates from 1.5 to 35 rad(Si)/sec which produce signals from 8 to 90% of well saturation in the 0.1 sec integration time. The rate of well filling in the 9 to 12 micrometer thick devices was only 25% of that in the 200 micrometer thick bulk device. Noise values from 55 to 60 times the optical shot noise were measured in the thin devices and described using a previously developed noise model. A value of 35 was measured in the thick device. The lower than expected gamma induced noise in the thick device was modeled using a diffusion-recombination mechanism.
Introduction
Charge Coupled Devices (CCD's) have applications in enviromments with a high gamma radiation background (1 to 100 rad(Si)/second). The gamma induced charge reduces the CCD signal handling capacity and is a source of excess noise. The absorption of a dose on the order of 1 rad(Si) during the integration time of a CCD imager is sufficient to saturate the device. The magnitude of the gamma induced noise is from 30 to 60 times larger than the shot noise on an optically generated signal of the same size. The CCD saturation dose is expected to be increased by reducing the thickness of the photosite collection volume. A reduction of the effective substrate thickness to approximately 10 The gamma radiation induced noise is larger than the optical shot noise because each gamma generated Compton electron produces many electron-hole pairs. The number of noise carriers is, therefore, proportional to the shot noise on the random arrival of the Compton electrons multiplied by the average number of electron-hole pairs generated by a Compton electron.
In this work, measurements of well filling and noise generation in a 100 X 100 pixel CCD imager with bulk and thinned photosite collection volumes will be reported. The experimental results show that the expected reduction in well filling is achieved in the thinner devices. However, the data also show that the number of noise carriers generated in the bulk and thinned device are approximately equal at a given dose rate. The magnitude of the noise for the thinned devices was described using previously developed models. However, it was necessary to incorporate a diffusion-recombination mechanism into the noise theory in order to model the lower than expected noise for the bulk device. The devices used in these experiments were 4 phase, n-buried channel 100 X 100 imagers with 1 mil x 1 mil pixels arranged in the frame transfer format without an image storage section as shown in Fig. 3 1.
trical measurements made on the bulk device during irradiation give an average effective charge collection depth of 50 pm.
iated with a CCD charge packet (of magnitude N) obtained by integrating the radiation induced signal is given by
The epitaxial device is formed from a 12 pim thick p-type epi-layer grown on a p substrate. The reduced lifetime of the p material prevents carriers generated in the substrate from diffusing far from their generation point; thus, the epilayer thickness determines the charge collection volume thickness.
The thinned device has the same structure as the epitaxial device except that the substrate is chemically removed over the imaging area. The thinned devices are back side illuminated and the back surface has been accumulated by ion-implantation to reduce surface recombination. The mechanical thickness of the collection volume is nominally 10 micrometers. Electrical measurements made during irradiation give an equivalent electrical thickness of 9 lim for the devices.
Experimental Results
The results of the gamma shot noise measurements on the 100 x 100 imager are summarized in Table I Rad(Si)/sec and was found to be independent of dose rate within experimental error. Table II shows data taken on the three device types with a constant gamma dose rate of 1.5 Rad(Si)/sec. This table clearly shows the approximate factor of four reduction in the number of gamma generated electrons achieved by the use of thinner devices. However, the gamma noise in the thinned devices in not substantially reduced. In the epitaxial device the noise actually increases by a factor of 1.09 and for the thinned device the noise decreases by a factor of only 1. 4 . Measured values of the shot noise multiplier shown in Table II are in good agreement with values in Table I obtained at different dose rates.
Discussion
The main features of the CCD imager gamma noise data can be described by combining the CCD noise model developed by Autio and 4 volume/surface area. For the photosite dimensions of the 100 X 100 imager, <L> is approximately equal to the smallest lateral dimension of the photosite volume. The collection efficiency, Ke, is the average fraction of the carriers generated by the passage of a Compton electron through a photosite volume which are collected in the same CCD photosite. The ionization per unit path length, GL, is the average number of electron-hole pairs generated in silicon by electrons having the Cobalt-60 Compton distribution spectrum. The geometry of the CCD irradiation experiment was simulated and the Co60 electron distribution was measured for gamma rays passing through 20 cm of water. line diffusion distance and LD is the diffusion length (50 pm). (2) Carriers generated in the neutral semiconductor have equal probability of diffusing in any direction. (3) Distribution of Compton electrons is approximated by Compton electron paths, perpendicular to the plane of the Si-SiO2 interface, and distributed uniformly over one pixel. The numerical integration was carried out for electron-hole pairs generated from the interface to 6L . These calculations show that only approximately one-third of the charge collected by a pixel is generated under that pixel for this geometry, while the rest of the charge diffuses from neighboring pixels. The effects of minority carrier diffusion and recombination lower the number of carriers collected per
Compton electron passage through a pixel, thereby reducing the shot noise multiplier in the bulk device. A value of Gs equal to 75 would be expected for the 50 lim collection colume depth if the collection efficiency were unity.
Conclusions
Gamma-induced well filling and noise generation have been measured in 100 X 100 pixel CCD area imagers fabricated with bulk, epitaxial, and thinned substrates. A substantial reduction in gamma well filling is measured on the epitaxial and thinned imagers compared to the bulk device because of the reduction in their photosite collection volumes. However, the number of noise carriers generated in the bulk and thinned device are approximately equal at a given dose rate. Therefore, the thinned and epitaxial devices will have improved dynamic range compared to the bulk device for an optical signal. The noise data for the thinner devices can be modeled according to the variance of the total ionization produced. The recombination and diffusion of the Compton generated charge in the non-depleted device substrate is required to predict the lower than expected gamma induced noise for the thick substrate. The values of the shot noise multiplier reported here are for devices irradiated in a Co gamma source. The radiation induced noise is a function of both the type and energy of the ionizing radiation.
